Sterols are the important active ingredients of fungal secondary metabolites to induce death of tumor cells. In our previous study, we found that ergosterol peroxide (5α, 8α-epidioxiergosta-6, 22-dien-3β-ol), purified from Ganoderma lucidum, induced human cancer cell death. Since the amount of purified ergosterol peroxide is not sufficient to perform in vivo experiments or apply clinically, we developed an approach to synthesize ergosterol peroxide chemically. After confirming the production of ergosterol peroxide, we examined the biological functions of the synthetic ergosterol peroxide. The results showed that ergosterol peroxide induced cell death and inhibited cell migration, cell cycle progression, and colony growth of human hepatocellular carcinoma cells. We further examined the mechanism associated with this effect and found that treatment with ergosterol peroxide increased the expression of Foxo3 mRNA and protein in HepG2 cells. The upstream signal proteins pAKT and c-Myc, which can inhibit Foxo3 functions, were clearly decreased in HepG2 cells treated with ergosterol peroxide. The levels of Puma and Bax, pro-apoptotic proteins, were effectively enhanced. Our results suggest that ergosterol peroxide stimulated Foxo3 activity by inhibiting pAKT and c-Myc and activating pro-apoptotic protein Puma and Bax to induce cancer cell death.
INTRODUCTION
Hepatocellular carcinoma is one of the most common neoplasms worldwide, which frequently develops in the site of chronic hepatitis or cirrhosis [1] . It would be helpful to prevent the development of hepatocellular carcinoma in the high-risk group of patients with chronic hepatitis or cirrhosis. Natural health products have attracted extensive attention in health promotion and disease treatment including cancer [2] [3] [4] .
In addition, natural product-based drug discovery is a major route leading to developing therapeutic drugs for various diseases including cancer. Medicinal mushrooms are a large group of natural product which are extensively used in health promotion and drug development [5] [6] [7] [8] [9] . Ganoderma lucidum is the most known medicinal mushroom and is regarded as the folk medicine used for prevention and treatment of various human diseases, especially cancer [10] [11] [12] [13] [14] [15] . The other members of this family also possess anti-tumor activity [16, 17] .
Our previous study showed that the oil fraction isolated from the Ganoderma spores was very powerful in inducing cancer cell death [18] . Further study found that the Ganoderma oil could induce death of cancer stemlike cells [11] . We purified the bioactive components and finally isolated the single molecule ergosterol peroxide from this medicinal mushroom. We found that ergosterol peroxide could stimulate cell death of a panel of cancer cells including human hepatocellular carcinoma cells HepG2 [11] . Erogosterol peroxide is a member of a class of fungal secondary metabolites of 5α, 8α-endoperoxide sterol derivatives. It can be isolated from many medicinal fungi, such as Sarcodon aspratus, Hericium erinaceum, Armillariella mellea, lactarius hatsudake, hypsizigus marmoreus [19] [20] [21] . It have been reported that ergosterol peroxide can inhibit tumor growth by anti-angiogenesis or cytotoxicity [11, 22] . However, the amount of ergosterol peroxide, isolated from fungi, was too little, which was not sufficient to be used clinically. In this study, we firstly developed an approach to synthesize ergosterol peroxide. After confirming the purity of the chemical, we investigated the molecular mechanisms by which the cell death of human hepatocellular carcinoma cells was induced. We found that ergosterol peroxide could reduce phosphorylated AKT (pAKT) and c-Myc expression, but could increase levels of tumor suppressor Foxo3 and activate Puma and Bax. We concluded that the activation of Foxo3 is required for ergosterol peroxide-induced cancer cell death, which is strongly associated with proapoptotic protein Bax and Puma.
RESULTS

Chemical synthesis of ergosterol peroxide
Using ergosterol as the starting material, we performed chemical synthesis and purification as described in the Materials and Methods. A product named Compound I was obtained. Compound I appeared to be a white crystalline needles, mp180-182°C (uncorr. The spectral data of Compound I were consistent with ergosterol peroxide (5α, 8α-epidioxiergosta-6, 22-dien-3β-ol, EPO) [2] . Figure 1 showed that ergosterol peroxide was synthesized from ergosterol. Using 150 mg ergosterol, 104 mg ergosterol peroxide was obtained with a yield of 64%.
Ergosterol peroxide inhibited viability of human hepatocellular carcinoma cells
To investigate the anticancer effect of the synthetic ergosterol peroxide, we performed cell proliferation assay followed by treating the human hepatocellular carcinoma cell lines HepG2, JHH-1 and SNU-449 with different concentrations of ergosterol peroxide. After the treatment, the cells were subjected to viability analysis stained with trypen blue. As a control, a normal mouse embryo fibroblast cell line NIH3T3 was used. We have previously shown that while Ganoderma oil induced death of a number of cancer cell lines, it had little effect on NIH3T3 cells [18] . Our experiments showed that treatment with the synthetic ergosterol peroxide inhibited viability of HepG2 cells in a dose-dependent manner ( Figure 2A) . We also performed similar experiments in other liver cancer cell lines JHH-1 and SNU444, as well as a noncancer cell line NIH3T3. As shown in the Figure 2B and Figure 2C , similar results were obtained in the JHH-1 and SNU-449 cells treated with the synthetic ergosterol peroxide. Both JHH-1 and SNU-449 cells appeared to be more sensitive to ergosterol peroxide in the inhibition of cell viability relative to HepG2 cells. In the non-cancer cell line NIH3T3 fibroblasts, we detected significantly less sensitive of the cells to the synthetic ergosterol peroxide ( Figure 2D ). Careful examination of the cells treated with ergosterol peroxide revealed the typical vacuoles, which showed the greatest number in the cultures treated with 35 µM of ergosterol peroxide ( Figure 2E ). Cell staining with Diff-Quik-Stain kit revealed clear vacuoles ( Figure 2F ).
The Effect of ergosterol peroxide on cell cycle progression was analyzed by flow cytometry. To avoid induction of cell death, HepG2 cells were treated with very low concentration of ergosterol peroxide (2 µg/ml). We detected increased number of cells in the G1 phase after the cultures were treated with ergosterol peroxide for 24 hours ( Figure 3A) , suggesting an inhibitory effect of the chemical on cell cycle progression. Indeed, the number of cells decreased in S-G2 phases significantly when the cells were treated with ergosterol peroxide ( Figure 3B ).
Since HepG2 is a non-tumorigenic cell line reported on ATCC website (http://www.atcc.org/products/all/ HB-8065.aspx#characteristics), it would be difficult to show the inhibitory effect of ergosterol peroxide on tumor growth in vivo. We thus analyzed the effect of this chemical on colony formation in vitro. HepG2 cells were treated with 23 µM ergosterol peroxide followed by examination of colony formation under light microscopy. www.impactjournals.com/oncotarget
We found that HepG2 cells treated with ergosterol peroxide formed significantly lower number of colonies than the untreated cells ( Figure 3C-3D) . Furthermore, the sizes of the colonies appeared smaller in the cells treated with ergosterol peroxide relative to the untreated cells ( Figure 3E ).
We also treated the cells with relatively low concentrations of the synthetic ergosterol peroxide but longer periods of times. It was found that the number of HepG2 cells treated with 23 µM (10 µg/ml) of ergosterol peroxide started to decline after incubation for 36 hours ( Figure 4A ). At this concentration, HepG2 cells began to undergo apoptosis after being treated for 24 hours ( Figure 4B ), measured by flow cytometry ( Figure 4C ). We also found that incubation with ergosterol peroxide inhibited cell migration in a wound healing assay of monolayer cultures ( Figure 4D ). The inhibitory effect of ergosterol peroxide reached the level of significance at 24 hours ( Figure 4E ).
Ergosterol peroxide regulated Foxo3 expression and nuclear localization in HepG2 cells
Foxo3 is a forkhead-box O3 transcription factor that inhibits tumor cell growth and induces apoptosis by activating pro-apoptotic genes [23] . We explored the potential effect of Foxo3 in mediating ergosterol peroxideinduced cell death. HepG2 cells treated with different concentrations of ergosterol peroxide were subject to realtime PCR analysis for Foxo3 expression. The PCR results showed that treatment with ergosterol peroxide increased the mRNA expression of Foxo3 in a concentration dependent manner compared to the untreated cells ( Figure 5A ). Western blot analysis also displayed a concentration-dependent effect of ergosterol peroxide on Foxo3 protein levels ( Figure 5B , upper). Nevertheless, the effect of ergosterol peroxide on Foxo3 protein levels appeared not to be time-dependent ( Figure 5B , lower). It suggested that the effect of Foxo3 in mediating ergosterol peroxide function might be an early event in ergosterol peroxide-induced cell death. We examined subcellular localization of Foxo3 in the HepG2 cells treated with or without ergosterol peroxide by immune-fluorescence assay. It showed that the majority of Foxo3 was localized in the cytoplasm of the cells after ergosterol peroxide treatment as compared to the control ( Figure 5C ).
Ergosterol peroxide decreased pAKT (Ser473) protein expression in HepG2 cells
It has been reported that Foxo3 protein shuttling between nuclear and cytoplasmic fractions was mainly regulated by the activity of Akt kinases [24] . To determine whether up-regulation and nuclear localization of Foxo3 as a consequence of ergosterol peroxide treatment was modulated by inhibiting AKT activity, we analyzed the expression of pAKT (Ser473) and AKT with Western blotting. We found that the levels of pAKT (Ser473) decreased significantly in a concentration-and timedependent manner in the ergosterol peroxide-treated cells relative to the untreated cells ( Figure 6A ). However, AKT expression has no affected.
Ergosterol peroxide decreased c-myc expression
Activation of c-myc is associated with tumor growth including DNA replication, gene transcription, protein synthesis, and cell proliferation [25] . To determine whether ergosterol peroxide also reduced c-myc protein expression in HepG2 cells, we examined c-myc protein levels by Western bolt analysis. We found that the c-myc protein levels significantly decreased in concentration-and time-dependent manners ( Figure 6B ). When the cells were treated with ergosterol peroxide at the concentration of 20 μg/ml, the level of c-myc was undetectable.
Ergosterol peroxide up-regulated Bax and Puma protein expression
It has been reported that the genes of Bcl-2 family are important pro-apoptotic targets of Foxo3 protein, including BAX and PUMA [23, 26] . We examined BAX and PUMA expression in the cells treated with ergosterol peroxide. Western blot analysis showed that ergosterol peroxide treatment increased the expression of BAX and PUMA ( Figure 6C ). These results suggested that Foxo3 could mediate the effect of ergosterol peroxide by activating BAX and PUMA leading to cancer cell death.
Since expression of LC-3B is an indication of autophagy and severe autophagy can induce cell death, we examined the effect of ergosterol peroxide on LC-3B levels and found that ergosterol peroxide could remarkably induced the expression of LC-3B (Figure 6D) , suggesting a stimulation of HepG2 autophagy by ergosterol peroxide.
DISCUSSION
Ergosterol peroxide is a natural products isolated from many species of medicinal fungi. It has been shown to possess many biological activities including antioxidation, anti-inflammation, and anti-tumor cell growth [11, 19] . Rhee and co-worker have reported that ergosterol peroxide inhibited the signaling pathway proteins JAK2/ STAT3, which are important in angiogenesis, and exerted anti-tumor activity in multiple myeloma U266 cells [22] . In our previous study, we found that ergosterol peroxide, purified from medicinal mushroom Ganoderma lucidum, induced human cancer cell death [11] . In this study, we firstly synthesized ergosterol peroxide from ergosterol and used the synthetic chemical to study its anti-tumor mechanism.
It have been reported that Ganoderma lucidum posses hepatoprotective activity and can induce HepG2 cell death [27] . In the present study, we found that the chemically synthesized ergosterol peroxide played the similar roles in inhibiting cell cycle progression and migration of hepatocellular carcinoma cells. The ergosterol peroxide induced cell death was further confirmed by colony formation assay. Our results demonstrated that the effects of synthetic ergosterol peroxide on tumor cells are similar to those of the naturally purified chemical. Our results also suggested that the synthetic ergosterol peroxide might be used for preclinical test and clinical application.
We explored the molecular mechanism of ergosterol peroxide in antitumor effects. Our results showed that Foxo3 protein level was up-regulated in HepG2 cells in response to ergosterol peroxide treatment, since Foxo3 functions as a tumor suppressor [28] [29] [30] [31] . In addition, Foxo3 was translocated to nucleus. It is known that up-regulation and nuclear localization of Foxo3 activates its downstream target genes, such as Bim, Bax and Puma, leading to cancer cell death [23, 26] . Bax is a multidomain pro-apoptotic Bcl-2 family protein, which can be activated by BH3-only molecules such as Bim, Bid and Puma to trigger cell death [25, 26] . BCL2 family members can form heteroor homodimers and are involved in a variety of cellular activities. Bax activation can be stimulated by various factors, including hydrogen peroxide and mitochondrial membrane remodeling. It can also be activated by binding to Bcl-2 or other proteins. Our results showed that Bax and Puma were up-regulated in HepG2 cell subjected to ergosterol peroxide treatment. Based on these results, we proposed a new mechanism by which Foxo3 induces cell death in response to ergosterol peroxide treatment through activation of Bax by BH3-only molecule Puma. The activation of Foxo3 was inhibited via phosphorylation by Akt activation [23, 24] . The protooncogene Akt is activated via phosphorylation at Thr308 and Ser473 in most types of human cancers including hepatocarcinoma [24, 32] . The activated Akt can then phosphorylate Foxo3 in the nucleus, which is degraded to block it in targeting its downstream genes and triggering cell death pathway [23, 24] . Our results showed that pAkt protein was reduced in response to ergosterol peroxide treatment. Thus, it is important that the activation of Akt was repressed in order to promote up-regulation of Foxo3 and to facilitate its localization to nucleus in HepG2 cells after ergosterol peroxide treatment.
We also found that c-Myc protein decreased in the concentration-and time-dependent manner in HepG2 cells after ergosterol peroxide treatment. It have been reported that c-Myc can compete with Foxo3 to bind the apoptosispromoting proteins that expressed by downstream target genes of Foxo3, for example Puma, to inhibit the cell death-inducing activity of Foxo3 [25] . Therefore, we proposed that ergosterol peroxide treatment induced cancer cell death via enhancing the activation of Foxo3 by repressing c-Myc to promote pro-apoptotic genes Bax and Puma expression.
In summary, we report an approach to synthesize ergosterol peroxide and investigated the anti-tumor activity. Using the synthetic molecule, it allowed us to examine the molecular mechanism in anti-cancer cell activity. We have thus shown that Foxo3 played an important role in mediating cell death in response to ergosterol peroxide. This may be largely due to the key role of Foxo3 in mediating a variety of signaling pathways. Our results suggest that ergosterol peroxide can inhibit oncogenic AKT and c-Myc to activate the expression of Foxo3, which in turn activates the downstream apoptosis promoting gene Puma and Bax to initiate cancer cell apoptosis pathways. This suggests that Foxo3 may be an important target in drug screening for cancer intervention.
MATERIALS AND METHODS
Synthesis of ergosterol peroxide
A solution of ergosterol (150 mg) and eosine (1 mg) in pyridine (10 mL) was prepared in a quartz tube. The tube kept in a water-cooled bath was saturated with oxygen. The solution, vigorously stirred by the gas bubbling, was irradiated with light from a 220 V 200 W iodine tungsten lamp placed at a distance of 15 cm. The oxygen was kept bubbling during the irradiation for 1 h. The irradiated solution was poured into ice water and extracted with ethyl acetate. The combined organic extracts were washed with brine and dried with MgSO 4 . Then the solid residue was dissolved in minimum volume of ethyl acetate and adsorbed on silica gel. This silica gel was added to the top of a silica chromatography column and eluted with hexane-ethyl acetate (3:1). A product was obtained named Compound I.
Structural analysis of compound I
The melting point of Compound I was measured by a XT4A electro-thermal apparatus equipped with a microscope and was uncorrected.
1 H NMR and 13 C NMR spectra were recorded on an AV 400M Bruker spectrometer. Chemical shifts were measured in CDCl 3 with tetramethyl-sislane (TMS) as internal reference, and chemical shifts (δ) were reported in parts per million (ppm). The MS spectra (ESI) were recorded on a Bruker Esquire 6000 mass spectrometer.
Cell proliferation assay
The effect of Compound I on cell proliferation was evaluated by trypan blue staining assay. Human hepatocellular carcinoma cells HepG2, JHH-1, and SNU449 were used in the study. The cells were cultured in DMEM or RPMI1640 supplemented with 10% FBS, 100 U/ml penicillin/ streptomycin at 37°C in an incubator containing 5% CO 2 . Cells (1 × 10 5 cells/ml) were seeded into 24-well plates with 500 µL complete culture medium. Four hours after cell inoculation, Compound I was added to the cell cultures. The cells were incubated for various periods and analyzed by trypan blue staining to analyze rates of cell proliferation as described [33, 34] .
Cell migration assay
Migration assay was performed by wound scratch test as described [35, 36] . Briefly, 3 × 10 5 cells were seeded in each well of 6-well plates and incubated with or without ergosterol peroxide. The cells were scratched using pipette tips. The cultures were washed with PBS to remove cell debris. Ergosterol peroxide was added to the cultures at a concentration of 2 μg/ml. Cellular motility was monitored and photographed. Microscope images of the scratched cultures were captured at the beginning and at different intervals later. Distance travelled from the initial scratch site was measured and the migration distance was quantified.
Flow cytometry
Cell apoptosis was analyzed by Annexin V apoptosis detection kit APC (eBioscience, Inc., USA) as described [37, 38] . In brief, the cultured cells were washed, trypsinized, collected, and resuspended, followed by incubation with Annexin V (APC) in the dark at room temperature for 15 min. The cells were then washed and resuspended in 400 μl binding buffer, to which 5 μl of Propidium Iodide solution were added. The cells were then analyzed by flow cytometry (FACS Calibur, Becton, Dickinson and Company. USA). The cells showing Annexin V-positive and PI-negative were counted as apoptotic, whereas PI-positive staining was counted as necrotic cells.
For cell cycle analysis, cells in the logarithmic phase were harvested and washed twice in PBS. The cells were resuspended in cold PBS and incubated in ice-cold 70% ethanol for 3 h. After centrifugation at 1,500 rpm for 10 min, the cells were resuspended in propidium iodide (PI) master mix (40 mg/ml PI and 100 mg/ml RNase in PBS) at a density of 5 × 10 5 cells/ml and incubated at 37°C for 30 min before analysis with flow cytometry as described [39, 40] .
Colony formation
Colony formation assay was performed as previously described [41, 42] . Briefly, HepG2 cells (500 cells/well) were mixed with 0.25% low melting agarose gel containing ergosterol peroxide at 23 µM and seeded in 6-well plates, which had been pre-coated with 0.66% regular agarose gel. The plates were maintained in a CO 2 incubator. Two weeks after cell inoculation, colonies were counted, fixed, stained, and photographed under a microscope.
Real-time PCR
Total RNA was extracted using Total RNA Mini kit (Frogga Bio Inc, Canada) as described [16, 43] . The RNA concentration was measured by NanoDrop 2000c UV-VIS Spectrophotometer under 260 nm. Equal amount of RNA was used for reverse-transcription to obtain cDNA for real-time PCR amplification. The cDNA was diluted as template and performed in a real-time thermal cycler using a SYBR Green PCR Kit as follows: 40 cycles of denaturation at 95°C for 5 sec, annealing at 59°C for 30 sec, followed by an elongation step at 72°C for 30 sec. The Foxo3 was analyzed using U6 as an internal control for product normalization. All tests were performed in triplicate.
Western blot
HepG2 cells were seeded into 6-well tissue culture plates and treated with or without ergosterol peroxide at different concentrations as indicated in each figure. After the treatment for different periods of time, the cells were lysed by lysis buffer supplemented with protease inhibitor cocktail. The cells were placed on ice for 30 min and the lysates were centrifuged at 13,000 rpm at 4°C for 15 min to obtain supernatant. Protein concentrations were measured by Bio-Rad protein assay (Bio-Rad Laboratories, Inc, USA). Samples with the equal concentrations of proteins were resolved on SDS-PAGE, and the proteins were then transferred onto nitrocellulose membranes. The membranes were incubated in blocking buffer with 5% milk, and then stained with primary antibodies against phospho-AKT(S473), AKT, Foxo3, c-myc, Puma and Bax (1:1000 dilution) at 4°C overnight. After washing, the membranes were incubated with goat anti-rabbit or goat anti-mouse HRP conjugated secondary antibodies at room temperature for 2 h. After being extensively washed, the membranes were developed with ECL kits (Millipore, USA) and visualized using the Kodak autoradiography films. The same membranes were reprobed for β-actin levels to confirm equal loading.
Immunofluorescence
Cells were seeded on chamber slides (BD Biosciences, USA) and treated with or without ergosterol peroxide at 10 μg/ml at 37°C for 12 h. The slides were fixed with 4% formaldehyde for 15 min, and blocked with 10% goat serum in PBS. The slides were then incubated with anti-Foxo3 antibody at 4°C overnight. After brief rinse with PBS, the slides were incubated with Alexa Fluor 555 goat anti-rabbit HRP conjugated secondary antibodies at room temperature for 2 h in a container avoiding light. The slides were rinsed in PBS and incubated with phalloidin (Alexa Fluor 488) for F-actin staining under the dark at room temperature for 30 min. The same slides were then rinsed with PBS and incubated with DAPI for nuclear staining under the dark at room temperature for 30 min. After being washed with PBS and mounted with mounting medium (Dako, USA), the slides were subject to image examination under a fluorescence microscope (Carl Zeiss, Germany).
Statistical analysis
All experiments were performed in triplicate or as indicated in the experiments and numerical data were subject to independent sample t test. The levels of significance were set at *p < 0.05 and **p < 0.01. 
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